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ABSTRACT 
This article reports on the morphology, interfacial interaction, thermal 
stability, and thermal degradation kinetics of polycarbonate (PC)/mesoporous 
silica (MCM-41) composites with various MCM-41 contents, prepared by 
melt compounding. The composites with low filler loadings (<0.3 wt%) 
maintained their transparency because of the well dispersed MCM-41 
particles, but at higher filler loadings the composites lost their transparency 
due to the presence of agglomerates. The presence of agglomerates 
decreased the thermal stability of PC due to the reduced effectiveness of 
the particles to immobilize the polymer chains, free radicals, and volatile 
degradation products. 
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Introduction 
Over the past decades, optically transparent polymers attracted considerable attention in numerous 
applications including protective face shields, eyewear, and electronic display screens. In other 
sectors, such as construction materials or fire safety equipment, both good transparency and fire 
resistance properties are needed.[1–3] Polycarbonate (PC) is a well-known engineering thermoplastic 
with a high molecular weight and impact strength. It combines toughness, heat resistance, flame 
resistance, and dimensional stability. However, because of its high melt viscosity and poor resistance 
to abrasion and chemicals, it is not suitable for certain applications, so its properties can be improved 
by blending it with other polymers or by adding nanoparticles. The introduction of nanoparticles had 
been widely investigated and reported to be the most efficient method to improve the properties of 
PC.[1,4–7] Various fillers, which included graphite,[8] metal oxide nanoparticles,[9–11] carbon black,[12] 
nanoclays,[13] and carbon nanotubes,[14] were investigated as possible PC reinforcement. 
Recently, researchers started to use mesoporous silica (MCM-41) particles as additives into 
polymers, due to the possibility of improving the electrical conductivity, as well as the mechanical 
and thermal properties, of the polymers. MCM-41 particles were discovered about 20 years ago 
and investigated for their properties such as nanometric pore size, large surface area, and pore 
volume, which made them to be suitable to be used as catalyst and adsorbent materials. The most 
investigated is MCM-41, which is normally prepared by a sol–gel method in the presence of a 
surfactant or template. After the formation of the MCM-41 particles, the template is removed to 
obtain the porous structure.[15–17] 
Mesoporous silica had been used as additive for various polymers that include poly(ethylene 
terephthalate) (PET),[18] polyethylene,[19] polystyrene,[20] polypropylene,[21] natural rubber,[22] poly 
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(methyl methacrylate) (PMMA),[23] and polyurethane.[24] In general, the addition of MCM-41 
increased the thermal stability of a number of these polymers, and this was generally attributed to 
the good thermal stability of the MCM-41 nanoparticles, and to the interaction between the polymer 
chains and the internal surfaces of the pores in MCM-41. Composites prepared with MCM-41 (with 
template) showed better thermal stability than the MCM-41 (without template) composites, because 
the polymer and the template mixture enhanced the interaction through entanglement and inter-
diffusion, thus forming a network which enhanced the thermal stability.[25] 
Some researchers explained the improved thermal stability to the insertion of the polymeric 
chains inside the mesopores or to the fact that the porous structure trapped the volatile degradation 
products or acted as scavenger of radical species during the degradation process.[26,27] It was also 
stated that a mobility decrease of the polymer chains, trapped in the pores, increased the storage 
modulus.[10,20,22,28] Contradictory results were reported, where the addition of nanoparticles in PC 
showed increases,[5,6,13] decreases,[29–31] or no significant effects[32] on the thermal stability of PC. 
Maiti et al.[6] related an increase in the thermal stability of PC with the addition of multiwalled carbon 
nanotubes (MWCNTs) to the restriction of the mobility of the polymer chains near the nanofiller 
surface. During combustion the MWCNTs also acted as inflammable anisotropic nanoparticles, 
forming a jammed network of char layers that retarded the transport of the decomposition products. 
Vani et al.[5] related the increase in thermal stability to the confinement of PC chains in the clay 
galleries that delayed the diffusion of volatile products and the degradation process. A decrease in 
the thermal stability with the addition of TiO2, ZrO2, and ZnO was related to a catalytic effect of 
the nanoparticles, the state of nanoparticles dispersion in the polymer matrix, and the preparation 
conditions. Several groups investigated the dynamic mechanical properties of PC composites.[2,5,11,13] 
An increase in storage and loss modulus was attributed to the reinforcing effect of the nanofillers as a 
result of their high aspect ratios, or the formation of crystalline domains around the nanoparticles 
that effectively improved the interaction between the particles and the PC chains. 
As mentioned above, a number of papers reported different and sometimes contradictory results 
concerning the effect of nanoparticles on the thermal stability of PC. To get a better understanding of 
the degradation process and the effect of the MCM-41 loading on the thermal stability of PC, this 
paper reports on the effect of MCM-41 on the morphology, interfacial interaction, thermal stability, 
and thermal degradation kinetics of PC. Thermogravimetric analyses (TGA) were performed to 
investigate the degradation kinetics, whereas transmission electron microscopy (TEM) and small- 
angle X-ray scattering (SAXS) techniques were applied to correlate the changes in the properties with 
the morphology and structure of the composites. 13C cross-polarization magic-angle spinning NMR 
(13C (1H) CP-MAS NMR) measurements were used to establish any chemical or physical interaction 
between the PC and MCM-41. 
Materials and methods 
Materials 
Commercial grade bisphenol-A polycarbonate (Makrolon1 2407), with a melt flow rate of 20 g/10 min 
at 300°C/1.2 kg, and Mw ¼ 57 404 g mol  1, was obtained in pellet form from Bayer Material Science, 
Germany. MCM-41, with a surface area of ∼1,000 m2 g  1, pore sizes ranging between 2.1 to 2.7 nm, 
and a pore volume of 0.98 cm3 g  1, was supplied by Sigma-Aldrich and used as received. 
Preparation of the PC/MCM-41 composites 
Polycarbonate pellets and MCM-41 powder were dried in an oven at 80°C for 12 h before preparation. 
The composites were prepared in the same way as our previously reported PMMA/MCM-41 
composites.[28] All the composites were prepared using a Brabender Plastograph 50 ml melt-mixer 
at 200°C and 50 rpm for 10 min. For the preparation of the composites, PC was first melted for 
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2 min at 200°C, and different contents (0.1, 0.3, 0.5, 1, 2, and 5 wt%) of the MCM-41 were added into 
the molten polymer and mixed for a further 8 min. The samples were then melt pressed into 3 mm 
thick sheets at 200°C for 5 min at 50 bar. Pure PC as the control sample, was treated similarly. 
Sample analysis 
Transmission electron microscopy micrographs were acquired using a JEM-2100 (JEOL, Japan) 
electron microscope operating at 200 kV accelerating voltage. For the observation of the composites, 
100 nm thick slices were prepared by using a Leica EM UC6 ultra-microtome, and were put onto a 
3 mm Cu grid “lacey carbon” for analysis. 
Small angle X-ray scattering measurements were performed using a Bruker AXS Nanostar-U 
instrument, with a Cu rotating anode working at 40 kV and 18 mA. The X-ray beam was monochro-
matized at a wavelength k ¼ 1.54056 Å (Cu Ka) using a couple of Göbel mirrors, and was collimated 
using a series of three pinholes with diameters of 500, 150, and 500 µm. Samples were directly 
mounted on the sample stage to avoid additional scattering of the holder. Data were collected at room 
temperature for 5,000 s by using a two-dimensional multiwire proportional counter detector placed at 
24 cm from the sample, allowing the collection of data in the Q scattering vector (Q ¼ 4π sin h/k) 
range of 0.02–0.78 Å  1. 
The 13C (1H) CP-MAS NMR spectra were obtained at room temperature using a Bruker Avance II 
400 MHz (9.4 T) spectrometer operating at 100.63 MHz for the 13C nucleus with a MAS rate of 
10 kHz, 400 scans, a contact time of 1.5 μs, and a repetition delay of 2 s. The optimization of the 
Hartmann–Hahn condition was obtained using an adamantane sample. Each sample was placed in 
a 4 mm zirconia rotor with KEL-F caps using silica as filler to avoid inhomogeneities inside the rotor. 
The proton spin–lattice relaxation time in the rotating frame T1q(H) was indirectly determined, with 
the variable spin lock (VSL) pulse sequence, by the carbon nucleus observation using a 90°-s-spin- 
lock pulse sequence prior to cross-polarization with a delay time s ranging from 0.01 to 3 s. The 
13C spin–lattice relaxation time in the rotating frame T1q(C) was determined, with the VSL pulse 
sequence, applying the spin-lock pulse after the cross-polarization on the carbon channel. The data 
acquisition was performed by 1H decoupling with a spin lock pulse length, s, ranging from 0.4 to 
30 ms and a contact time of 1.5 ms. 
A PerkinElmer STA6000 TGA was used to analyze the thermal degradation behavior of the 
samples. The analyses were done from 30 to 700°C at a heating rate of 10°C min  1 under nitrogen 
flow (20 ml min  1). The sample masses ranged between 20 and 25 mg. The samples for 
thermal degradation kinetics were run at 3, 5, 7, and 9°C min  1 heating rates under nitrogen flow 
(20 ml min  1), and the TGA’s integrated kinetics software [based on the Flynn–Ozawa–Wall method 
(Equation 1)] was used to calculate the activation energies: 
ln b ¼ c   1:052 Ea
RT
� �
ð1Þ
where b is the heating rate in K min  1, c is a constant, Ea is the activation energy in kJ mol  1, R is the 
universal gas constant, and T is the temperature in K. The plot of ln b versus 1/T, obtained from the 
TGA curves recorded at several heating rates, should be a straight line. The activation energy was 
evaluated from its slope. 
Results and discussion 
Morphology and structure of the composites 
Transmission electron microscopy micrographs were acquired to investigate the filler dispersion in 
the polymer. The MCM-41 powder presented well-ordered channels with a hexagonal symmetry 
typical of the mesoporous structure.[28] The TEM micrographs of the PC/MCM-41 composites loaded 
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with 0.5 and 5 wt% MCM-41 are shown in Figure 1. Figure 1a shows an agglomerated MCM-41 
particle in the polymer, and these agglomerates are well dispersed in the polymer matrix (Figure 1b). 
Figure 1c and d show poorly dispersed and highly agglomerated MCM-41 particles, and this caused 
the decrease in transparency of the composites at higher MCM-41 content, as observed in Figure 2. 
The SAXS patterns of the investigated samples, after background and thickness corrections, are 
shown as a function of the scattering vector Q in Figure 3. The SAXS pattern of MCM-41 was 
reported in our previous paper,[28] and it showed an intense (100) peak at 0.15 Å  1 and two low- 
intensity reflections ((110) at 0.26 Å  1 and (200) at 0.32 Å  1) that are characteristic of hexagonal 
structures. The SAXS measurements, performed on different portions of the samples, gave the same 
results, which confirmed the homogeneity of the samples. 
Figure 1. TEM micrographs of the PC/MCM-41 composites with 0.5 wt% (a,b) and 5 wt% (c,d) loading at different magnifications.  
Figure 2. Samples of PC/MCM-41 composites containing different amounts of MCM-41 showing the decrease in transparence with 
increasing MCM-41 content.  
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The SAXS pattern of the pure PC does not show any peak in the investigated scattering intensity 
I(Q) range, because it is an amorphous polymer, whereas the PC/MCM-41 composites show the three 
characteristic peaks of MCM-41, indicating that the MCM-41 maintained its hexagonal lattice sym-
metry after composite formation. d100 and a0 for MCM-41 had been calculated as 4.1 and 4.8 nm, 
respectively.[28] No shift in the (100) peak was observed after composite formation, indicating that 
the pore size of the mesoporous materials did not vary. There is a possibility that the polymer chains 
(or parts of it) may penetrate the pores of the MCM-41 during the preparation process of the 
polymer/mesoporous filler composites.[33,34] To check whether this is probable for our system, we 
calculated the radius of gyration for the PC we used, and based on the value we obtained and on work 
done by the group of Müller et al.[35–37] where it was shown that the radius of gyration must be 
significantly smaller than the a0 value of nanoporous fillers for the polymer chains to be able to 
penetrate the pores, we disregarded this as a possible mechanism for the immobilization of the PC 
chains in the PC/MCM-41 composites. 
Interactions between PC chains and the MCM-41 filler 
The peaks in the 13C (1H) CP MAS NMR spectra of PC and the PC/MCM-41 composites loaded with 
0.5 and 5 wt% MCM-41 in Figure 4 are numbered to show the assignment of the 13C chemical shifts of 
the polymer. All the spectra show five resonances, peak 1 at 149 ppm is related to the quaternary carbons 
of the aromatic rings and to the carbonyl carbon, peak 2 at 127 ppm to the aromatic carbon meta to the 
oxygen, peak 3 at 120 ppm to the aromatic carbon ortho to the oxygen, peak 4 at 42 ppm to the 
quaternary carbon bonded to the methyl groups, and peak 5 at 31 ppm to the methyl carbons. 
The presence of MCM-41 did not induce any modification in the chemical shift and signal shape, 
indicating that no new chemical bond was formed during composite preparation. To investigate the 
physical interaction between the two components in the composite and to detect dynamic changes 
in the polymer induced by the MCM-41, the proton and carbon spin lattice relaxation times in the rotat-
ing frame, T1q(H) and T1q(C), were determined. These values are reported in Table 1. The presence of 
MCM-41 at 0.5 and 5 wt% loading did not significantly affect the T1q(H) values, but the relaxation time 
for the carbonyl carbon peak (peak 1) increased at 5 wt% MCM-41 loading. This is the evidence that the 
interaction between the MCM-41 and the polymer matrix was principally localized in this nuclear 
environment. However, the T1q(C) values were affected by the presence of MCM-41. The carbon 1 value 
for PC decreased after the addition of 0.5 wt% MCM-41, but at the higher filler loading it increased, not 
Figure 3. SAXS intensities versus scattering vector Q of MCM-41 and the PC/MCM-41 composites.  
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only for carbon 1 but also for carbons 3 and 4. These increases can be attributed to a restriction in the 
mobility of the polymer chains. The carbonyl carbon is particularly hindered because of a specific 
interaction which is probably hydrogen bonding with the Si–OH groups on MCM-41.[38,39] 
Thermal degradation 
The addition of MCM-41 up to 1 wt% increased the thermal stability of PC (Figure 5, Table 2). The 
pores would trap the volatile degradation products and delay their diffusion out of the polymer, so 
that they were only released at higher temperatures. Mingtao et al.[25] also observed an increase in 
the thermal stability of PET in the presence of mesoporous molecular sieves. They related the increase 
to the presence of polymer chains in the mesoporous channels, making them more stable due to the 
protection of the inorganic pore-wall. In our case the polymer and free radical chains were more 
probably immobilized through their hydrogen-bonding interaction with the small and well dispersed 
filler particles, which would delay the propagation of the degradation reaction. The sample with 
5 wt% MCM-41, however, shows a decrease in mass loss temperature to a value approximately the 
same as that of pure PC. This can be attributed to the agglomerates observed in the TEM micro-
graphs, which reduced the effectiveness of the filler particles to immobilize the polymer and free 
radical chains, and the volatile degradation products. Motaung et al.[32] studied the same system, 
but used nonporous silica particles at 1, 2, and 5 wt% loadings. They observed an insignificant 
increase in thermal stability with the addition of 1 and 2 wt% silica, while a decrease in the thermal 
stability was observed for the sample containing 5 wt% silica. The thermal stability of the composites 
at 5 wt% silica was lower than that of the pure polymer, and they attributed the decrease to the 
catalytic effect of the silica particles. Carrion et al.[31] observed lower decomposition temperatures 
Table 1. Relaxation time values for all the peaks in the 13C spectra of PC and the PC/MCM-41 composites loaded with 0.5 and 
5 wt% of MCM-41. 
Carbon ppm 
T1ρH (ms) T1ρC (ms) 
0 wt% 0.5 wt% 5 wt% 0 wt% 0.5 wt% 5 wt%  
1  149  4.9 � 0.2  4.9 � 0.2  6.0 � 0.2  95.3 � 0.3  38.8 � 0.4  102.9 � 0.2 
2  127.5  4.9 � 0.2  5.2 � 0.2  5.4 � 0.3  10.9 � 0.2  11.1 � 0.2  10.6 � 0.2 
3  120  4.4 � 0.2  5.6 � 0.2  4.4 � 0.2  11.2 � 0.2  10.9 � 0.2  29.1 � 0.2 
4  42  3.9 � 0.2  4.2 � 0.2  4.5 � 0.3  28.4 � 0.3  31.6 � 0.2  55.6 � 0.2 
5  31  6.6 � 0.3  4.9 � 0.2  5.9 � 0.2  30.5 � 0.2  23.2 � 0.2  20.5 � 0.2   
Figure 4. 13C (1H) CP-MAS NMR spectra of PC and of the PC/MCM-41 composites.  
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for PC heated in the presence of ZnO nanoparticles at 0.1, 0.5, 1, and 5 wt% loading, which they 
attributed to the presence of large aggregated nanoparticles. 
To get a better understanding of the degradation process and the effect of the MCM-41 loading on 
the thermal stability of PC, the minimum amount of energy that is required to initiate and propagate 
Figure 5. TGA curves of PC and the PC/MCM-41 composites.  
Table 2. TGA results for PC and the PC/MCM-41 composites. 
Sample T30/°C Tmax/°C % Residue  
PC  491.6  496.3  22.2 
99.9/0.1 w/w PC/MCM-41  499.2  510.2  23.8 
99.7/0.3 w/w PC/MCM-41  496.7  508.4  23.8 
99.5/0.5 w/w PC/MCM-41  497.7  509.4  24.2 
99/1 w/w PC/MCM-41  500.3  508.1  24.5 
98/2 w/w PC/MCM-41  491.9  502.6  24.9 
95/5 w/w PC/MCM-41  487.4  497.6  27.3   
Figure 6. Ozawa–Flynn–Wall plots derived from the PC mass loss curves for the following degrees of conversion: (1) a ¼ 0.1; 
(2) a ¼ 0.2; (3) a ¼ 0.3; (4) a ¼ 0.4; (5) a ¼ 0.5; (6) a ¼ 0.6.  
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the degradation process was determined. The activation energy (Ea) for mass loss was determined 
from the slope of the isoconversional plots of ln b versus 1/T (Figures 6–8) taken from TGA curves 
obtained at heating rates of 3, 5, 7, and 9°C min  1. The relationship between the activation energy and 
the extent of mass loss is shown in Figure 9. The activation energy of mass loss for PC and the 
PC/MCM-41 composites increased with an increase in the extent of mass loss, which means that 
the degradation process involved multiple steps.[40] 
The activation energies of the sample containing 0.5 wt% MCM-41 were higher than that of pure 
PC, which can be attributed to more energy required for mass loss to occur. As already discussed, this 
may result from an increase in thermal stability through the immobilization of the polymer and free 
radical chains by the MCM-41 particles, or through a delay in the diffusion of the volatile degradation 
products out of the molten sample. However, the sample containing 5 wt% MCM-41 shows lower 
Figure 7. Ozawa–Flynn–Wall plots derived from the 99.5/0.5 w/w PC/MCM-41 mass loss curves for the following degrees of 
conversion: (1) a ¼ 0.1; (2) a ¼ 0.2; (3) a ¼ 0.3; (4) a ¼ 0.4; (5) a ¼ 0.5; (6) a ¼ 0.6.  
Figure 8. Ozawa–Flynn–Wall plots derived from the 95/5 w/w PC/MCM-41 mass loss curves for the following degrees of conversion: 
(1) a ¼ 0.1; (2) a ¼ 0.2; (3) a ¼ 0.3; (4) a ¼ 0.4; (5) a ¼ 0.5; (6) a ¼ 0.6.  
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activation energy values than pure PC. This could have been the result of (1) a catalytic effect of the 
larger MCM-41 agglomerates on the PC degradation and/or (2) the creation of more free volume for 
the diffusion of volatile degradation products out of the sample. Araujo et al.[18] and Motaung et al.[32] 
attributed similar observations to a catalytic effect of the filler on polymer degradation. MCM-41 can 
be used as a catalyst because of its large surface areas, ordered pore structures and readily controlled 
pore diameters.[41] A study of the catalytic effect of the MCM-41 on the thermal degradation kinetics 
of PET, where 25% (w/w) of MCM-41 was added into the polymer, showed a decrease in the activation 
energy of degradation of PET, which was related to the catalytic effect of the MCM-41. From our 
results it seems as if the MCM-41 agglomerates were more effective as degradation catalyst. 
Conclusion 
The purpose of this work was to investigate the influence of MCM-41 in the range of 0.1–5 wt% on 
the morphology and thermal degradation behavior of PC. The addition of MCM-41 up to 1 wt% 
increased the thermal stability of PC, which was probably due to a delayed mass loss because of 
the trapping of the volatile degradation products in the pores of MCM-41. However, the thermal 
stability decreased at 5 wt% MCM-41 loading due to the presence of agglomerates, which reduced 
the effectiveness of the agglomerated filler particles to immobilize the free radical chains and volatile 
degradation products. There is also the possibility of MCM-41 acting as a catalyst, thus initiating the 
degradation process of PC. 
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